[1] Anaerobic oxidation of methane (AOM) is a considerable sink for the greenhouse gas methane (CH 4 ) in marine systems, but the importance of this process in terrestrial systems is less clear. Lowland boreal soils and wet tropical soils are two hot spots for CH 4 cycling, yet AOM has been essentially uncharacterized in these systems. We investigated AOM in soils from sites in Alaska and Puerto Rico. Isotope tracers were utilized in vitro to enable the simultaneous quantification of CH 4 production and consumption without use of biological inhibitors. Boreal peat soil and tropical mineral soil oxidized small but significant quantities of CH 4 to CO 2 under anoxic conditions (p < 0.001). Potential AOM rates were 21 AE 2 nmol g dw À1 d À1 and 2.9 AE 0.5 nmol g dw À1 d À1 for the boreal and tropical soils, respectively. The addition of terminal electron acceptors (NO 3 À , Fe(III), and SO 4 2À ) inhibited AOM and methanogenesis in both soils. In all incubations, CH 4 production occurred simultaneously with AOM, and CH 4 production rates were always greater than AOM rates. There was a strong correlation between the quantity of CH 4 produced and the amount of CH 4 oxidized under anoxic conditions (Alaska: r = 0.875, p < 0.0001; Puerto Rico: r = 0.817, p < 0.0001). CH 4 oxidation under anoxic conditions was biological and likely mediated by methanogenic archaea. While only a small percentage of the total CH 4 produced in these soils was oxidized under anoxic conditions (0.3% and 0.8% for Alaskan and Puerto Rican Soils), this process is important to understand since it could play a measurable role in controlling net CH 4 flux. 
Introduction
[2] Microorganisms that consume methane (CH 4 ) play an important role in controlling climate forcing, since CH 4 is approximately 26 times more effective than carbon dioxide (CO 2 ) in retaining heat in the atmosphere [Lelieveld et al., 1993] , and the concentration of atmospheric CH 4 is currently increasing [Rigby et al., 2008] . Although many studies have investigated soil CH 4 consumption, they have focused on aerobic CH 4 consumption, overlooking the potentially important role of anaerobic CH 4 consumption (anaerobic oxidation of methane; AOM). AOM is an important process in marine environments and has been demonstrated in freshwater sediment [Knittel et al., 2005; Pancost et al., 2000; Raghoebarsing et al., 2006] , but the occurrence and importance of this process in terrestrial CH 4 -cycling hot spots such as wet tropical and boreal soils has not been well investigated.
[3] CH 4 was believed to be biologically inert under anoxic conditions until the 1970s [Strous and Jetten, 2004] . It is now clear that CH 4 is directly oxidized under anoxic conditions by microorganisms, and this process plays an important role in controlling oceanic CH 4 efflux, with an estimated 300-380 Tg CH 4 yr À1 oxidized via AOM in marine sediments [Hinrichs and Boetius, 2002; Reeburgh, 2007] . In the absence of oxygen, microorganisms can oxidize CH 4 with or without the involvement of exogenous electron acceptors. Methanogenic archaea can oxidize trace amounts of CH 4 without the use of exogenous electron acceptors, while simultaneously producing CH 4 [Harder, 1997; Moran et al., 2005; Zehnder and Brock, 1979] . Alternatively, CH 4 oxidation can be coupled to the reduction of various electron acceptors such as sulfate, ferric iron, nitrate, and nitrite [Beal et al., 2009; Boetius et al., 2000; Ettwig et al., 2008; Hinrichs et al., 1999; Raghoebarsing et al., 2006] . The common occurrence and metabolic versatility of AOM in marine systems indicates that further knowledge about this process in other systems could be valuable for CH 4 cycling models.
[4] Current models for CH 4 cycling in soils posit that CH 4 is produced by methanogenic archaea in anoxic regions of the soil, and CH 4 is consumed by methanotrophic bacteria in oxic regions. The net atmospheric CH 4 flux is simply a balance of these two processes. However, the widespread incidence of AOM in marine and freshwater systems suggests that AOM could be a previously unidentified sink in wet soils where anoxic conditions are commonly found. Interestingly, chemicals that inhibit CH 4 production have been found to also inhibit AOM in culture and environmental samples [Krüger et al., 2003; Nauhaus et al., 2005; Zehnder and Brock, 1979] . CH 4 oxidation measurements often utilize CH 4 production inhibitors to allow for "accurate" quantification of oxidation rates [von Fischer and Hedin, 2002] , and the concurrent inhibition of both CH 4 production and AOM by these inhibitors could explain why AOM has not yet been identified as an important process in wet soils. Factors that influence AOM processes include availability of CH 4 , frequency of anoxic conditions, sources of bioavailable exogenous terminal electron acceptors, and depth of suitable soil profile (affecting the influence of AOM on an areal basis). All of these factors suggest that AOM could be an important, unrecognized CH 4 sink in wet boreal and tropical soils.
[5] Boreal and tropical forests play key roles in global carbon and CH 4 cycling. Boreal and subarctic peat soils are estimated to store one third of the total global soil carbon pool [Gorham, 1991] , and produce over 10% of all CH 4 emissions [Houweling et al., 1999] . Due to the slow diffusion of oxygen in water and the water saturated conditions characteristic of peatlands, anoxic conditions are typical throughout much of the soil profile. Smemo and Yavitt [2007] found evidence for AOM in peatlands from the contiguous United States and Sweden and suggested that this process could be an important controller of CH 4 release from peat soils [Smemo and Yavitt, 2011] . Wet tropical forests have somewhat different factors driving the CH 4 cycle; they contain approximately 50% of Earth's live biomass and facilitate around 25% of the global gross primary productivity [Hanson et al., 2008] . Wet tropical soils can become anoxic rapidly and frequently due to high moisture content and microbial activity [Silver et al., 1999] . These soils can produce and consume CH 4 simultaneously [Teh et al., 2005] , and are globally significant sources of atmospheric CH 4 , accounting for more than 17% of all CH 4 emissions [Houweling et al., 1999] . Indirect evidence has suggested AOM might occur in wet tropical soils [Pett-Ridge, 2005] .
[6] The Luquillo Experimental Forest (LEF) in Puerto Rico and the Bonanza Creek experimental forest (BNZ) in central Alaska are tropical and boreal long-term ecological research sites (LTER) with extensive biogeochemical and climate data [Pett-Ridge et al., 2006; Silver et al., 1999; Teh et al., 2005 Teh et al., , 2006 Templer et al., 2008; Turetsky et al., 2008] . We chose to investigate AOM in LEF and BNZ soils because CH 4 cycling is dynamic in both soils [Teh et al., 2005; Turetsky et al., 2008] , high rates of Fe(III) respiration have been found in LEF [Chacon et al., 2006; Dubinsky et al., 2010; Peretyazhko and Sposito, 2005] , and high rates of denitrification have been found in BNZ [Petersen et al., 2012] . Our initial working hypotheses were 1) AOM is coupled to Fe(III) reduction in the LEF tropical soils and 2) AOM is coupled to NO 3 À reduction in the BNZ boreal soils. Additionally, nitrate and nitrite are found in LEF soils along with microbes capable of conducting denitrification [Pett-Ridge et al., 2006] , and deposition of sulfate from ocean water could provide a relatively constant source for this electron acceptor [Asbury et al., 1994] . AOM in LEF and BNZ soils could potentially be coupled to one or multiple terminal electron accepting processes. Given the dynamic CH 4 cycling and diverse anaerobic respiration capacity found in LEF and BNZ, they are ideal model systems to conduct preliminary investigations of the importance of AOM in tropical and boreal soils.
[7] In this study, we conducted laboratory experiments with soils collected from Puerto Rico and Alaska to determine: 1) whether AOM occurs in tropical and boreal soils, 2) potential rates of AOM in these systems, and 3) how the process is affected by the addition of different terminal electron acceptors. We used a stable isotope tracer approach to characterize CH 4 oxidation in order to circumvent using biological inhibitors to determine gross oxidation rates.
Methods

Study Sites
[8] Boreal soils were collected from an area classified as continental boreal in the Bonanza Creek LTER in interior Alaska, USA (64.8 N, 147.9 W) . The collection site is located in the Tanana River floodplain and is characterized as a rich fen. Vegetation is predominantly a diverse ground layer mixture of Sphagnum, brown moss, Equisetum, and Carex species. Tropical soils were collected from Luquillo Experimental Forest LTER in northeastern Puerto Rico (18.3 N, 65.8 S) . The tropical site is characterized as a lower montane wet tropical forest and vegetation is dominated by Cyrilla racemiflora L. Additional site and soil characteristics for both sites are given in Table 1 .
Sample Collection
[9] In Alaska, soil cores were taken every 10 m along a 40 m transect for a total of 5 cores with each core representing a replicate. Cores were collected using a 2″ diameter corer, and the living vegetation top layer was removed from each core. Cores were immediately sealed in sterile plastic bags to minimize exposure to atmospheric O 2 . Cores were approximately 15 cm deep (measured from below the vegetative layer), and the core tops were approximately equal with the level of the water table surface. Groundwater that filled in the space created via core removal was collected. Cores and groundwater were kept on ice and transported to UC Berkeley where they were stored at 4 C until incubation experiments were initiated (approximately 1 week later). [10] In Puerto Rico, soil cores were collected using a spade, and cores were taken every 10 m along a 30 m transect for a total of 4 cores with each core representing a replicate. Living plants and intact litter were removed prior to core collection, and cores were approximately 10 cm deep. Cores were immediately sealed in sterile plastic bags to minimize exposure to atmospheric O 2 . Cores were transported, in a room temperature cooler to minimize temperature changes, to UC Berkeley where they were stored at room temperature until incubation experiments were initiated (approximately 3 days later).
Soil Characteristics
[11] Soil water content was determined by drying soil to constant weight at 105 C. Loss on ignition was measured on oven-dried soil after 6 h at 550 C. Soil pH was determined using a soil pH electrode on a 1:1 soil/water slurry.
Incubation Setup
[12] To determine the potential for AOM in boreal and tropical soils, anoxic laboratory incubations were conducted using Alaskan and Puerto Rican soils. A difficulty with accurately quantifying AOM rates in environments that also produce CH 4 is that chemicals such as bromoethane sulfonate or methyl fluoride that inhibit CH 4 production have also been found to inhibit AOM [Krüger et al., 2003; Nauhaus et al., 2005] . Therefore, oxidation rates were determined using isotopic tracers in an approach similar to that developed by Moran et al. [2005] . For both Alaskan and Puerto Rican samples, homogenized soils (10 g) were loaded into 100 ml serum bottles, and bottles were sealed with gas impermeable blue butyl rubber septa (Bellco, Vineland, NJ, USA). Visible roots and leaves were removed from Puerto Rican soil prior to loading. Anoxic conditions were created using a standard alternating vacuum and pressure approach [e.g., Balch and Wolfe, 1976; Zehnder and Brock, 1980] . Briefly, bottle headspaces were evacuated by vacuuming to À51 kPa and then over-pressured with N 2 to 40 kPa, and this process was repeated 10 times. On final filling, headspace was only filled to 13 kPa with N 2 . The headspaces were then flushed with N 2 /CO 2 (98/2%) at 135 kPa for 5 min through the septa using 23-gauge needles as input and exhaust ports. This final flushing was done to set the starting concentration of CO 2 to 2% to facilitate isotope ratio analyses at early time points and to minimize recycling of 13 CO 2 back into 13 CH 4 . Headspace pressure was equilibrated to 10 kPa using a N 2 flushed syringe. Sterile anoxic groundwater (40 ml) was added to Alaskan soil incubation bottles, and sterile anoxic de-ionized water (10 ml) was added to Puerto Rican soil incubation bottles using a N 2 flushed syringe. Different volumes of water were used for the different soils because the soil bulk densities varied greatly between sites and different volumes were needed to minimally saturate the soils. Prior to additions, oxygen was removed from Alaskan groundwater and de-ionized water, using standard anaerobic culturing methods [e.g., Balch et al., 1979; Hungate, 1950] , by bringing each to a boil while stirring under a steady stream of N 2 and then quickly cooling in ice water while under a continuous flow of N 2 ; water bottles were sealed with blue butyl rubber septa and autoclaved at 121 C for 20 min. High concentrations of CH 4 were added to incubation bottles to ensure that CH 4 was not a limiting factor for CH 4 oxidation. Labeled CH 4 (6 ml 99 atom% 13 C-CH 4 , Sigma Aldrich -Isotec, CAS 6532-48-5) was added to 13 C-incubations to allow for quantification of the oxidation of 13 CH 4 to 13 CO 2 over time. Natural abundance CH 4 (6 ml, Scotty analyzed Gas, Lot# 833605L) was added to parallel controls. All anoxic incubations were pre-incubated for 24 h before T = 0 headspace samples were taken in order to allow any remaining oxygen to be consumed. Oxic incubations were set up in a similar manner except headspaces were not flushed with O 2 -free gas and incubation water did not have O 2 removed. Sodium 2-bromoethane sulfonate (BES), a specific inhibitor of methyl-coenzyme M reductase [Chidthaisong and Conrad, 2000; Zehnder and Brock, 1979] , was added (10 mM) to additional anoxic Puerto Rican soil incubations to test for affects on CH 4 production and AOM. BES treatments were not conducted with Alaskan soil incubations because this treatment was added to the experimental design after the Alaskan incubations and analyses were already completed. Heat killed controls were autoclaved twice, 24 h apart, at 121 C for 20 min. All treatments were incubated in the dark at 25 C.
[13] Headspace samples (2 ml) were collected at multiple time points from incubation bottles through the septa, via needle and syringe, and transferred to 10 ml serum bottles sealed with thick black butyl rubber stoppers (GeoMicrobial Technologies, Inc.). All transfers, additions, and headspace samplings were done using gas tight syringes fitted with stopcocks that were first degassed with N 2 to avoid O 2 contamination. For all work, N 2 and N 2 /CO 2 were first passed through hot copper fillings ($350 C) to remove traces of O 2 [e.g., Balch et al., 1979; Macy et al., 1972] , and the copper fillings were reduced daily using H 2 .
Electron Addition Experiments
[14] To determine the impact of different electron acceptors on AOM rates, anoxic soil samples were amended with NO 3 À , Fe(III), and SO 4 2À . NO 3 À was added as NaNO 3 (5 mM), SO 4 2À was added as Na 2 SO 4 (5 mM), and Fe(III) was added as soluble Fe(III) nitrilotriacetic acid (NTA) (10 mM) or poorly crystalline Fe(OH) 3 (10 mM). Fe(III) NTA was synthesized by combining equal quantities of Na 2 NTA and FeCl 3 •6H 2 O. While stirring, pH was brought to 6.9 using NaOH. Fe(OH) 3 was synthesized as previously described by slowly neutralizing a solution of FeCl 3 •6H 2 O with NaOH, and the minerals were repeatedly washed with de-ionized water to remove chloride ions [Lovley and Phillips, 1986] . Electron acceptor stock solutions were made anoxic by sparging with 2 streams (one at the bottom of the solution and one in the headspace just above the solution) of O 2 -free N 2 at 135 kPa for 20 min; bottles were sealed with blue butyl rubber septa and NO 3 À and SO 4 2À solutions were autoclaved at 121 C for 20 min. Either 13 CH 4 or natural abundance CH 4 was added to soil incubation bottles as described above.
Gas and Isotope Analysis
[15] CH 4 and CO 2 concentrations were measured using a Hewlet Packard HP6890 (Agilent Technologies Inc., Santa Clara, CA) gas chromatograph fitted with a Hayesep DB 100/120 (1/16″ Â 1.5 m) column which fed into a Hayesep DB 120/140 (1/16″ Â 2.0 m) column leading to a pulse discharge detector (PDD) for CO 2 quantification or into a Restek GS-Q plot (0.32 mm Â 30 m) column leading to a flame ionization detector (FID) for CH 4 analysis. Carbon dioxide isotope analysis was conducted using a Europa 20-20 continuous flow isotope ratio mass spectrometer, IRMS (PDZ Europa, Cheshire, UK). Headspace sample CO 2 was dried by passing through a water trap (magnesium perchlorate), pre-concentrated by liquid N 2 cold trapping, and separated from contaminating gasses with two sequential chromatography columns (1.5 m Â 1 mm Hayesep DB column, 30 m Â 0.53 mm Restek GS-Q plot column, 0 C) before entering the IRMS. The isotopic composition of C in CO 2 was determined in per mil values relative to the Vienna Peedee Belemnite (PDB) standard.
Data Analysis and Rate Calculations
[16] The quantity of CH 4 oxidized at each time point was calculated using the following equation [Moran et al., 2005] ,
where n ox CH4 is moles of CH 4 oxidized, F T CO2 is the fractional abundance of carbon isotopes in total CO 2 from 13 CH 4 incubations, n T CO2 is total moles of CO 2 in headspace of 13 CH 4 incubations, F T CO2 * is fractional abundance of carbon isotopes in total CO 2 from 12 CH 4 control incubations, n T CO2 * is total moles of CO 2 in headspace of 12 CH 4 control incubations, F i CH4 is fractional abundance of carbon isotopes in initial CH 4 , n i CH4 is initial moles of CH 4 in headspace, F b CH4 is fractional abundance of carbon isotopes in biogenic CH 4 , and n b CH4 is biogenic moles of CH 4 in headspace. F T CO2 and F T CO2 * values were determined via IRMS, and n T CO2 , n T CO2 * , n i CH4 values were determined via GC-PDD/FID as described above. Values for n b CH4 were calculated as the difference between total moles of CH 4 at a given time point and n i CH4 . We assumed biogenic CH 4 produced during the incubation had a F b CH4 = 0.0106 (d 13 C = À50‰). Biogenic CH 4 can be produced with a range d
13 C values, but because the incubation systems were strongly labeled, realistic variations in F b CH4 would result in negligible changes to the results. F i CH4 was 0.99, since all initial CH 4 was from a know source. Since the CH 4 was strongly labeled, fractionation in the CH 4 oxidation process will not significantly affect measurements. Calculations assume CH 4 is oxidized to CO 2 .
[17] AOM rates were calculated by difference in CH 4 oxidized using the first time point where the quantity of CH 4 oxidized was significant (ANOVA with Tukey's Honestly Significantly Difference test, p < 0.01) and the immediately preceding time point (times 10 d and 15 d for Alaska and 45 d and 60 d for Puerto Rico). Aerobic CH 4 oxidation rates were calculated by difference in total CH 4 headspace concentration in the headspace at the beginning and end of the incubation period (Alaska = 5 d, Puerto Rico = 15 d). We used a two-point calculation because we were only concerned with average rates over a period comparable to the AOM rate calculations for each site.
Statistics
[18] In anoxic incubations, d 13 C-CO 2 values for 13 CH 4 and 12 CH 4 treatments were compared using ANOVA tests. In electron acceptor treatments, a post hoc Tukey's analysis was used to determine the earliest time points where significant CH 4 oxidation was observed. Correlation analyses were used to compare quantities of CH 4 consumed and produced. All statistical analyses were performed with R version 2.12.2.
Results
[19] Soils collected from a boreal peatland (BNZ-LTER, Alaska) and a tropical forest (LEF-LTER, Puerto Rico) exhibited the ability to oxidize CH 4 when incubated under anoxic conditions (Figure 1 ). Headspace CO 2 became significantly more 13 oxidation as compared to the control treatment (Figure 2) . In fact, all added terminal electron acceptors inhibited AOM either temporarily or throughout the entire incubation. The earliest time point where AOM was significant was in control treatments for both soils (Alaska T = 15; Puerto Rico T = 60 d, ANOVA with Tukey's HSD test, p < 0.05). Total AOM was significantly greater in Alaskan control soils as compared to electron acceptor treatments (Alaska T = 71 d, p < 0.001). For Puerto Rican incubations, the mean total CH 4 oxidation was also greatest in the control treatment, but it was not significantly greater due to high variance in measurements (Figure 2) . In both soils, the addition of poorly crystalline iron (Fe(OH) 3 ) had a similar impact on AOM as the addition of soluble iron (Fe(III)NTA), data not shown.
[21] The stable isotope tracer approach employed to quantify CH 4 oxidation, also facilitated the simultaneous quantification of CH 4 production. Net oxidation of CH 4 was not observed under anoxic conditions for either soil regardless of treatment. CH 4 was oxidized only when CH 4 was simultaneously being produced (Figure 2 ). For both soils, there was a strong correlation between the quantity of CH 4 that was oxidized and the CH 4 that was produced for a given time point, regardless of electron acceptor treatment ( Figure 3) ; Pearson's product-moment correlation values (r) Figure 2 . CH 4 oxidation and production over time in different electron acceptor treatments for Alaskan and Puerto Rican soils. Error bars indicate standard error (Alaska, n = 5; Puerto Rico, n = 4). Values were normalized to T = 0 for all treatments.
were 0.875 (p < 0.001) and 0.817 (p < 0.001) for Alaska and Puerto Rico, respectively. Approximately, 0.3% and 0.8% of the total CH 4 produced was concurrently oxidized in boreal and tropical soils, respectively. Interestingly, the methanogenesis inhibitor, bromoethane sulfonate (BES), inhibited both CH 4 oxidation and CH 4 production under anoxic conditions in Puerto Rican soil (Table 2) .
[22] In order to put AOM rates into ecological perspective as a controller of CH 4 efflux to the atmosphere, CH 4 oxidation was also quantified under oxic conditions. Both Puerto Rican and Alaskan soils oxidized net quantities of CH 4 under oxic conditions. Potential aerobic CH 4 oxidation rates were two orders of magnitude greater than potential AOM rates (Table 2 ).
Discussion
[23] Isotopic evidence indicates that both tropical (LEF-LTER, Puerto Rico) and boreal soils (BNZ-LTER, Alaska) have the ability to oxidize CH 4 under anoxic conditions. In laboratory incubations, headspace 13 CO 2 became significantly more enriched in live soil incubations with 13 CH 4 added as compared to the 12 CH 4 live controls (Figure 1 ), verifying that the majority of 13 CO 2 enrichment in the 13 CH 4 incubations was from 13 CH 4 oxidation.
13 CO 2 was not enriched in 13 CH 4 heat-killed controls. These results demonstrate that AOM does occur in Alaskan boreal and Puerto Rican tropical soils and it is biologically mediated. Due to the low rates and temporal variability of this process, such demonstration required the precision of in vitro isotope tracer experiments to be successful. To the best of our knowledge, this is the first reported evidence indicating this process can occur in these two distinct terrestrial systems.
[24] In both tropical and boreal soils, AOM was only observed when CH 4 production was also occurring (Figure 2) , and there is a strong correlation between rates of the two processes (Figure 3) indicating that the oxidation of CH 4 under anoxic conditions is related to methanogenic activity and not to nitrate, ferric iron, or sulfate reduction. In order to gain energy from AOM, the oxidation of CH 4 must be coupled to the reduction of an electron acceptor. However, methanogens are able to oxidize CH 4 without the addition of exogenous electron acceptors [Harder, 1997; Moran et al., 2005 Moran et al., , 2007 Zehnder and Brock, 1979] . In our anoxic incubations, approximately 0.3% and 0.8% of CH 4 produced was oxidized by Alaskan and Puerto Rican soils, respectively. These proportions of CH 4 oxidized to CH 4 produced are consistent with proportions observed for pure cultures of methanogens. Zehnder and Brock [1979] observed that up to 0.32% of produced CH 4 was oxidized to CO 2 by methanogenic archaea, and Moran et al. [2005] found a pure culture methanogen to oxidize 0.36% of CH 4 produced. Results indicate that the AOM observed in Puerto Rican and Alaskan soils is likely mediated by methanogens. This conclusion is supported for the Puerto Rican soils by the simultaneous inhibition of CH 4 production and oxidation by the addition of BES, a specific inhibitor of methylcoenzyme M reductase [Chidthaisong and Conrad, 2000] . Concurrent inhibition of CH 4 production and CH 4 oxidation by BES was also observed in pure cultures of methanogens by Zehnder and Brock [1979] .
[25] Further evidence for the link between AOM and methanogenesis can be seen in the electron acceptor treatment data. The addition of terminal electron acceptors delayed the observable AOM in all treatments, and in one case (SO 4 À2 in Alaska) inhibited AOM for the entire incubation (Figure 2) . After some time, many of the electron acceptor incubations began to conduct AOM. Similarly to AOM, methanogenesis was delayed by the addition of electron acceptors (Figure 2 ). The only apparent observed uncoupling of CH 4 production and AOM was in the Alaskan Figure 3 . Relationship between the quantities of CH 4 oxidized verses produced for a given sample under anoxic conditions. Graphs include all data for all measured time points and electron acceptor additions. Linear trendlines are shown for both data sets (Alaska, r = 0.875, p < 0.001; Puerto Rico, r = 0.817, p < 0.001). SO 4 À2 treatment. In this case, AOM was completely inhibited throughout the incubation, but CH 4 production was only partially suppressed. Zehnder and Brock [1980] observed a similar pattern where Na 2 SO 4 addition to lake sediment inhibited AOM to a greater extent than methanogenesis. It is likely that the SO 4 À2 initially inhibited AOM and methanogenesis through redox inhibition (i.e., substrate competition), however in the Alaskan soils, sulfide poisoning probably became a factor as sulfate reduction proceeded. This suggests that environmental factors can significantly affect the relative impact of AOM on net CH 4 emissions. Puerto Rican soils differ from the Alaskan soils in that they contain much bioavailable iron, which can be reduced to ferrous iron under anoxic conditions [Dubinsky et al., 2010] , and ferrous iron is known to react with sulfide forming a precipitant and effectively minimizing its inhibition on these microbial processes. This could explain why CH 4 production and AOM both proceeded by the final time point in SO 4 À2 treated Puerto Rican incubations.
[26] The conclusion that CH 4 transformation in these soils is likely mediated by methanogens raises the question of whether this transformation should be considered an oxidation reaction or simply the result of isotope exchange. Under anoxic conditions, it is well known that consumption of C 1 compounds is not necessarily associated with its use as an energy source for growth [Zeikus, 1983] . This non-fortuitous consumption is the result of exchange reactions in which the end product from an energy producing reaction is actively transformed back into the initial substrate through reverse enzymatic processes. Therefore, the movement of 13 C from CH 4 to CO 2 could be the result of "exchange reactions." In our experiment, the transformation of CH 4 to CO 2 only proceeded when CH 4 was being produced, and therefore it is likely that our observed enrichment in 13 C-CO 2 was from biologically mediated isotope exchange that was catalyzed by active methanogenic enzymes. This said, we believe it to be useful to refer to this exchange reaction as oxidation of CH 4 or AOM when discussing ecosystem processes.
[27] Reverse methanogenesis involves the movement of carbon from the CH 4 pool to the CO 2 pool, and enzymes mediate this transformation. Since the carbon is in fact being transformed from a À4 oxidation state in CH 4 to a +4 state in CO 2 , this transformation is a biologically mediated oxidation of CH 4 . This transformation is distinct from a spontaneous abiotic isotope exchange reaction that can occur rapidly without the aid of a biological catalyst.
[28] Knowledge of gross reactions (e.g., forward and reverse reactions) is important in order to gain a comprehensive understanding of the combination of reactions that affect net ecosystem measurements. It is not necessary for a process to be fortuitous for the mediating microorganisms in order for it to be an influential ecosystem process. If CH 4 production and consumption are mediated by the same enzymes, it may be quite useful to consider the reverse reaction as a gross oxidation reaction distinct from the forward gross production reaction; this is particularly true since there appear to be factors that impact the forward (CH 4 production) and reverse (CH 4 oxidation) reactions differentially. For example, evidence in our experiment and others indicates that the reverse reaction is more sensitive to sulfate addition than the forward reaction (Figure 2 and Zehnder and Brock [1980] ). Another example can be found in the differential sensitivity of the forward and reverse reactions to BES addition in environmental samples [Zehnder and Brock, 1980] .
[29] Finally, it is important to acknowledge that we do not know unequivocally that the observed consumption of CH 4 was simply the result of reverse reactions. While evidence in our system strongly indicates that the observed oxidation of CH 4 is a reverse reaction mediated by methanogens, the heterogeneity in soil leaves the possibility open that a separate and distinct oxidation of CH 4 was occurring and was coupled to the reduction of an unidentified electron acceptor. For example, AOM can be coupled with other inorganic electron acceptors such as manganese [Beal et al., 2009 ], and it is thermodynamically possible for AOM to be coupled to the reduction of some organic molecules such as fumarate or methanol [Thauer and Shima, 2008] .
[30] Few studies have examined AOM in soil systems, so there is little relevant data to compare and contrast with our own. To our knowledge, only indirect evidence has been published for AOM in mineral soils. Several studies have indicated that AOM may occur in flooded rice paddy soils [Miura et al., 1992; Murase and Kimura, 1994a , 1994b , 1994c , but the experimental designs were not necessarily strictly anoxic and AOM in these soils has yet to be verified with a direct approach. However, AOM has been directly observed in peat soils. Similarly to our study, Smemo and Yavitt [2007] conducted in vitro incubations with peat soils from locations in the United States and Sweden and concluded that this process could help to reduce CH 4 emissions in their sites. They observed average rates of AOM in soil from a fen in New York of 1469 nmol CH 4 g dw À1 d À1 , which is much greater than the average rates we observed in Alaskan peat soils (Table 2 ). They also observed that rate of AOM was dependent on CH 4 concentration, indicating that the ratio of CH 4 oxidized to produced is dependent on substrate concentration in addition to other environmental factors. Similarly to our study, Smemo and Yavitt [2007] treated soils with different electron acceptors (NO 3 À , Fe(III), or SO 4 2À ), but observed no stimulation of AOM and therefore were unable to identify a terminal electron acceptor coupled to the process. Further investigations are needed to explain the difference in AOM rates between studies and to characterize the ubiquity of AOM in peat and mineral soils.
[31] Despite the slow AOM rates found in marine systems, this process consumes a substantial quantity of CH 4 , equivalent to 60-75% of the total global annual flux into the atmosphere [Hinrichs and Boetius, 2002; Reeburgh, 2007] . The potential AOM rates measured in both Puerto Rican and Alaskan soils are slow as compared to the aerobic CH 4 rates in these soils (Table 2 ), but it is important to note that AOM rates in our soils do fall into the range of AOM rates measured in marine sediments [Knittel and Boetius, 2009] . The AOM measured in our soils is likely to be mechanistically different than AOM found in marine systems with the AOM in marine systems representing a net sink for methane, however it can still be insightful to compare gross rates of methane consumption in our soils with those found in marine systems. Acknowledging that CH 4 oxidation rates measured in this experiment should only be considered potential rates due to the experimental design, we limit comparisons to aquatic experiments that were similar in design where incubations were conducted in vitro with slurried sediments at constant temperatures. Sediment from a marine gas hydrate area coupled AOM to sulfate reduction with an in vitro AOM rate of approximately 1.5 mmol CH 4 g dw À1 d À1 [Nauhaus et al., 2002] , which is two to three orders of magnitude greater than potential AOM rates in boreal and tropical soils, respectively. In a survey of different marine sediments, AOM rates as high as 8 mmol CH 4 g dw À1 d À1 were found in sediments that were also from gas hydrate areas, but lower rates (0.01-0.05 mmol CH 4 g dw À1 d À1 ) that were more analogous to our soil rates were measured in lower carbon sediments from shallow intertidal zones . Not surprisingly, Nauhaus et al. [2002] and Krüger et al. [2005] found AOM rates were sensitive to both temperature and CH 4 partial pressure, thus it would be valuable for future experiments to characterize how AOM in boreal and tropical soils are affected by these environmental variables.
[32] Aerobic CH 4 oxidation in dry forest and grassland soils is an important sink for atmospheric CH 4 , responsible for approximately 5-10% of the total global CH 4 sink [Cicerone and Oremland, 1988; Crutzen, 1991] . In these dominantly oxic soil systems, methanotrophic bacteria are responsible for CH 4 consumption, and are often operating at fairly low rates. However, since this slow oxidation is prevalent over a large land area, it consumes significant quantities of CH 4 . Although conditions and oxidation mechanisms differ markedly in dry soils as compared to our study sites, it is interesting to note that aerobic dry soil CH 4 oxidation rates can be in the same order of magnitude as our measured AOM rates [Bull et al., 2000] . Although slow, AOM in boreal and tropical soils also has the potential to be found in a sizable land area since humid tropical soils and boreal and subarctic peatlands cover approximately 7% (1.1 Â 10 9 ha) and 2% (3.46 Â 10 8 ha) of Earth's total land area, respectively [Achard, 2002; Vitt, 2006] . The considerable depth of many peatlands also increases the potential area for AOM, since peatlands can be found with peat depths up to 8 m and have an average depth of 2.9 m [Martini et al., 2006] . Since only a small portion of the CH 4 produced is oxidized anaerobically in our soils, AOM appears to play a relatively minor role in controlling CH 4 efflux at the ecosystem level. However, if this process is ubiquitous in wet tropical and peatland soils, it could play a non-trivial role in CH 4 cycling at the global level. Future studies should investigate how cosmopolitan AOM is within wet tropical and boreal soils, investigate how rates change with depth, and integrate AOM rates for peatlands at the landscape scale.
[33] In conclusion, this experiment provides an important first glimpse into the capacity for CH 4 to be oxidized under anoxic conditions in wet tropical soil and boreal peat soil. Three lines of evidence indicate that anaerobic oxidation of CH 4 is likely mediated by methanogenic archaea in both soils: temporal trends of CH 4 production and oxidation, correlation analyses, and the ratio of CH 4 oxidation to production. Although anaerobic oxidation rates were much slower than aerobic CH 4 oxidation rates in both tested soil systems, it is important to recognize that this process could play a measurable role in controlling net CH 4 flux. Clearly, the total amount of CH 4 oxidized by this process will be a function of land area, but the importance of AOM in reducing net CH 4 flux from these soils will be dependent on environmental factors that affect the proportion of CH 4 oxidized relative to CH 4 produced. The in situ rates of AOM could be significantly different than rates calculated in this study, but we conclusively determined that soils from diverse and significant study sites had the potential to perform this process. Much is still unknown about AOM in these soils and the need for additional investigation is compelling.
